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respectively. and David K. Grandy 4, 6, 10 DA is also synthesized in the terminals of neurons that 1 Instituto de Investigaciones Farmacoló gicas project from the substantia nigra pars compacta (SNc) 2 Instituto de Investigaciones en Ingeniería Gené tica y to the striatum, a structure associated with the planning, Biología Molecular initiation, and coordination of voluntary movement and CONICET complex behavioral repertoires (Graybiel, 1990) . Some and Depto. Química Biologíca of these nigrostriatal DA neurons project to striosomes, FCEyN or "patches", of the caudate/putamen (CPU) while othUniversidad de Buenos Aires ers synapse in the striatal matrix (Graybiel, 1990) . This Buenos Aires, Argentina heterogeneous topological organization of the striatum 3 Dept. of Behavioral Neuroscience is thought to permit the complex integration of motiva-4 Vollum Institute tional, sensory, and motor inputs arriving via afferents 5 Dept. of Physiology and Pharmacology from cortical and limbic areas (Graybiel et al., 1994 constitute the mesocortical and mesolimbic DA pathPortland, Oregon 97201 ways. The mesocortical neurons project primarily to the 8 Hospital Universitario "Virgen del Rocio" medial prefrontal, cingulate, and entorhinal corticies: Avenida Manuel Siurot limbic areas involved in emotional, motivational, and s/n 41013 Sevilla, Spain cognitive functions whose dysregulation may contribute 9 Parke-Davis Pharmaceutical Research to psychotic symptomology (Civelli et al., 1993) . The Division of Warner-Lambert Co.
mesolimbic DA neurons project to the nucleus accumAnn Arbor, Michigan 48105 bens, septum, olfactory tubercle, amygdaloid complex, and piriform cortex. Of these projections, the mesoaccumbens DA neurons continue to be the focus of much Summary attention because they are thought to be involved in mediating some of the positive, reinforcing properties The human dopamine D4 receptor (D4R) has received shared by drugs of abuse such as cocaine, methamphetconsiderable attention because of its high affinity for amine, alcohol, and opiates (Di Chiara, 1995; White, the atypical antipsychotic clozapine and the unusually 1996) .
polymorphic nature of its gene. To clarify the in vivo
The many physiological effects of DA are mediated role of the D4R, we produced and analyzed mutant by a family of receptors transcribed from five distinct mice (D4R Ϫ/Ϫ ) lacking this protein. Although less active genes (Civelli et al., 1993) . Of the three D2-like subtypes, in open field tests, D4R Ϫ/Ϫ mice outperformed wildthe D4 receptor (D4R) continues to receive considerable type mice on the rotarod and displayed locomotor attention because it displays the highest affinity for the supersensitivity to ethanol, cocaine, and methamphetatypical antipsychotic clozapine (Seeman and Van Tol, amine. Biochemical analyses revealed that dopamine 1994), and it is expressed in brain regions that are assosynthesis and its conversion to DOPAC were elevated ciated with organizational planning, affect, psychotic in the dorsal striatum from D4R Ϫ/Ϫ mice. Based on behavior, motivation, and reward (Meador-Woodruff et these findings, we propose that the D4R modulates Mrzljak et al., 1996; Ariano et al., 1997) . In addinormal, coordinated and drug-stimulated motor betion, the number of D4Rs has been reported to be elehaviors as well as the activity of nigrostriatal dopamine vated in postmortem brains of schizophrenics (Seeman neurons. et al., 1993) , although this remains controversial (Reynolds and Mason, 1994) .
Introduction
The discovery that the human gene Drd4 is highly polymorphic, especially in the number of 48 nucleotide Dopamine (DA) is a neurotransmitter in four well-characrepeats in the exon encoding the D4R's putative third terized brain pathways (Lindvall and Bjorland, 1983 ) that cytoplasmic loop (Van Tol et al., 1992) , led many laboratories to search for associations between these alleles and various psychological conditions. Although no study has demonstrated that a given Drd4 allele is associated with a particular mental disorder, there have been reports showing that certain alleles may predispose an individual to alcoholism (George et al., 1993; Muramatsu et al., 1996; Geijer et al., 1997) , novelty-seeking behavior (Benjamin et al., 1996; Ebstein et al., 1996) , and opiate abuse (Kotler et al., 1997) . In addition, a genetic mapping study of ethanol drinking in mice has provisionally localized a quantitative trait locus (QTL) within 13 cM of murine Drd4 (Phillips et al., 1994) . Owing to its low abundance and the lack of specific ligands, the actual contribution of D4Rs to complex behaviors has proven to be elusive. Consequently, in an effort to determine a role for D4Rs in vivo, we have produced mice lacking this receptor (D4R Ϫ/Ϫ ) by means of homologous recombination in embryonic stem cells. Here we report that, although D4R Ϫ/Ϫ mice are physically indistinguishable from their wild-type littermates, they displayed reduced spontaneous locomotor activity and rearing, they outperformed D4R ϩ/ϩ animals on the rotarod, they were supersensitive to the stimulation of locomotor activity elicited by ethanol, cocaine, and methamphetamine, and they consistently showed elevated DA synthesis and turnover in their dorsal striata. Based on these findings, we have concluded that the D4R modulates normal and drug-stimulated locomotor behaviors as well as the activity of nigrostriatal DA neurons.
Results

Targeted Disruption of the Dopamine D4 Receptor Gene in the Mouse Results in a Mutant Transcript
A 129/SvEv mouse genomic phage library was screened with a human D4R cDNA, and a 12.3 kb mouse genomic clone was isolated. The targeting vector, constructed were bred with C57BL/6J females to generate F1 hetero- Based on the design of our targeting vector, we premice provided direct confirmation that, in the mutant dicted that the loss of exon II would result in a D4R transcript, exons 1 and 3 were spliced together, causing mRNA 113 nucleotides shorter than the wild-type trana shift in the reading frame and the premature appearscript (Fishburn et al., 1995) . This was confirmed by ance of a termination codon ( Figure 1D ). Southern blotting of RT-PCR products ( Figure 1C ). Furthermore, juxtaposition of exons 1 and 3 should produce a 131 amino acid mutant polypeptide of which the first D4 Receptor-Deficient Mice Are Less Sensitive to Clozapine 91 residues correspond to D4R (including putative transmembrane [TM] domain 1, the first cytoplasmic loop,
The atypical antipsychotic clozapine has a high affinity for the D4R in vitro (Seeman and Van Tol, 1994 ) and has and most of TM2). Automated DNA sequencing of RT-PCR products synthesized from D4R ϩ/ϩ and D4R
Ϫ/Ϫ
been shown to block apomorphine-induced locomotion overall activity on the second day. However, under these testing conditions, there were still significant differences between the two genotypes on both days. Data from a representative study are shown in Table 1 . On the first day, the D4R Ϫ/Ϫ mice covered less horizontal distance, had fewer rearing episodes, and moved more slowly than wild-type mice. On the second day of testing, in addition to scoring low on the previously noted measures, the D4R Ϫ/Ϫ mice initiated fewer movements and spent less time in motion than the wild-type mice. Interestingly, even though mutant female mice displayed slightly greater activity levels than the males, both genders of D4R-deficient mice were significantly less active pared from wild-type and mutant mice also failed to reserpine (a monoamine vesicle-depleting agent). The reveal any significant differences in B max (in fmol/mg promice were injected 20 min later with saline or clozapine tein: D1R WT 418 Ϯ 3, KO 401 Ϯ 5; D2R WT 231 Ϯ 6, (0.6 or 6 mg/kg, intraperitoneally [i.p.]). All mice were KO 228 Ϯ 16) or K d (in nM: D1R WT 0.18 Ϯ 0.01, KO immediately placed 40 min later in activity monitors after 0.17 Ϯ 0.01; D2R WT 0.06 Ϯ 0.01, KO 0.06 Ϯ 0.01). receiving 0.25 mg/kg apomorphine, i.p. Under these conditions, 0.6 mg/kg clozapine attenuated the locomotor activity of the wild-type mice by almost 40% but had DOPAC Levels and L-DOPA Accumulation Are Elevated in the Striata of D4 no effect on the D4R Ϫ/Ϫ mice whereas 6 mg/kg clozapine completely blocked the apomorphine-induced locomo-
Receptor-Deficient Mice
The majority of the brain's supply of DA is synthesized tion in both genotypes of mice ( Figure 2) .
by TH-positive neurons in the SNc and the VTA. The rate at which TH synthesizes DA is thought to be moduLocomotion and Rearing Are Reduced in the Mutant Mice lated, in part, through feedback inhibition via stimulation of presynaptic D2-like autoreceptors. Aware of reports Coordinated locomotor behavior depends on DA transmission in the striatum that is mediated by D1-and D2-that D4Rs are expressed in rat and monkey midbrain structures (Mrzljak et al., 1996; Surmeier et al., 1996; like receptor stimulation (Clark and White, 1987; Waddington and Daly, 1993) . Recently, low levels of D4R Ariano et al., 1997), we investigated whether DA synthesis was affected in the D4R Ϫ/Ϫ mice. Initially we evalumRNA (Surmeier et al., 1996) and immunoreactivity (Ariano et al., 1997) were detected in rat striatum. Therefore, ated TH immunoreactivity in the VTA and SNc of both wild-type and mutant mice but failed to detect any qualito explore whether the loss of D4Rs had an impact on gross locomotor behaviors, several basal activity meatative difference between the two genotypes (data not shown). sures were quantified in an open field environment.
Locomotor activity of wild-type and mutant mice of We next turned to biochemical measurements of DA synthesis and turnover in the dorsal striatum-caudate both genders was recorded after saline injection (i.p.) in three separate studies. The Omnitech digiscan autoputamen (CPU) and nucleus accumbens (NAc) dissected from wild-type and mutant mice. HPLC-coupled mated activity monitor constituted a novel environment on the first test day and a familiar environment 24 hr electrochemical detection was used to quantitate DA, HVA, DOPAC, 5-HT, and 5-HIAA. Although both genolater. In all studies, both genotypes showed habituation from day 1 to day 2 as evidenced by a decrease in types displayed similar amounts of DA, HVA, 5-HT, and 5-HIAA in their CPU and NAc, DOPAC content was found in mice pretreated with the DOPA-decarboxylase inhibitor NSD-1015, which blocks the conversion of L-DOPA to be increased 93% in CPU dissected from the mutant mice (Table 2) , resulting in a DOPAC/DA ratio 1.9 times to DA (Carlsson et al., 1975) . HPLC-coupled electrochemical detection consistently revealed that CPU from higher than in wild-type mice.
When clozapine (6 mg/kg, i.p.) was administered 2 hr D4R Ϫ/Ϫ mice accumulated more L-DOPA than CPU taken from wild-type mice ( Figure 3C ). before sacrifice, both the striatal DOPAC content and the DOPAC/DA ratio were elevated in the CPU of wildtype mice to the same extent as mutant mice receiving D4 Receptor-Deficient Mice Outperform Their Wild-Type Littermates on the Rotarod either saline or clozapine ( Figure 3A ). This same dose of clozapine had no effect on DOPAC/DA ratio in the Balanced dopamine neurotransmission within the basal ganglia is critical for maintaining coordinated motor acNAc of either genotype ( Figure 3B ). In contrast, haloperidol (0.6 mg/kg, i.p.) increased the DOPAC/DA ratio in tivity. Our observation that DA synthesis and turnover were elevated in the CPU of mutant mice suggested both CPU and NAc to the same extent in both genotypes (Figures 3A and 3B, respectively) .
that, by comparing the performances of both genotypes in a test of coordination, additional phenotypic differTo explore whether the increased DOPAC/DA ratio detected in CPU might be due, in part, to increased DA ences might be revealed. The rotarod is one widely employed measure of a rodent's ability to sustain complex synthesis, we determined the accumulation of L-DOPA length of time on the rotarod were recorded for each mouse during a 3 min test session. Interestingly, the D4R Ϫ/Ϫ mice outperformed their D4R ϩ/ϩ littermates in this test, experiencing 50% fewer falls ( Figure 4A ) and remaining on the rotating rod 2.5 times longer than their wild-type siblings ( Figure 4B ).
D4 Receptor-Deficient Mice Are More Responsive to the Locomotor-Stimulating Effects of Ethanol
Dopamine levels in brain fluctuate in response to activity (Freed and Yamamoto, 1985) and following the administration of various drugs of abuse. Acute doses of ethanol have been interpreted to support a role for midbrain DA pathways in the rewarding properties of ethanol. Therefore, we investigated the responses of D4R Ϫ/Ϫ and coordinated movements over time. Male mice of both genotypes were given a single, brief training session D4R ϩ/ϩ mice to ethanol using a simple test of the drug's effect on spontaneous horizontal locomotion. after which the number of falls, time between falls, and To correct for individual and genotype-dependent differences in basal locomotion, the day 2 baseline score for each mouse was subtracted from its ethanol response on day 3. We have found this subtraction method of estimating strain sensitivity to drug stimulant effects to provide extremely reliable results (Phillips et al., 1991 (Phillips et al., , 1995 and have successfully used similar procedures to breed mice selectively for increased and reduced sensitivity to the locomotor stimulant effects of ethanol (Phillips et al., 1991) .
Both wild-type and mutant female mice were exposed to three sessions of locomotor testing over as many days in automated Omnitech digiscan monitors. On the first 2 days, mice were tested after being injected with saline. On the third day, they were tested after receiving a 2 g/kg injection of ethanol (20% v/v). Animals were continuously monitored for 30 min postinjection with data collected every 5 min ( Figure 5A) . A 2-way analysis of variance (ANOVA) grouped on genotype and time indicated significant changes in ethanol response over time (F[5,105] ϭ 31.6, p Ͻ 0.001), with a greater stimulation of locomotor activity in D4R Ϫ/Ϫ than D4R ϩ/ϩ mice (F[1,21] ϭ 8.9, p Ͻ 0.01).
D4 Receptor-Deficient Mice Are More Responsive to the Locomotor-Stimulating Effects of Cocaine and Methamphetamine than Wild-Type Mice
The psychostimulants cocaine and methamphetamine raise DA levels in the NAc and frontal cortex, albeit by different mechanisms (Maisonneuve et al., 1990; Weiss et al., 1992; Camp et al., 1994) and produce dramatic increases in locomotor activity. As with other drugs of abuse, including ethanol, the ability of cocaine and methamphetamine to increase DA levels in mesolimbic and mesocortical structures is believed to underlie some of their positive reinforcing properties (Kuhar et al., 1991) . Intrigued by our observation that ethanol stimulated locomotor activity in the D4R Ϫ/Ϫ mice to a greater extent than it did in the D4R ϩ/ϩ mice, we investigated the responsiveness of the mutant mice to cocaine and methamphetamine.
For each drug tested, two groups of wild-type and mutant mice were evaluated over 3 consecutive days. All mice received an i.p. injection of saline on the first 2 days, and their locomotor behavior was then recorded type and mutant mice at the time these studies were min test were subtracted from day 3 scores to correct for genotypeconducted, we were able to include a saline-treated based differences in basal locomotion (n ϭ 9 D4R ϩ/ϩ and 14 D4R Ϫ/Ϫ ). (B) Locomotor responses of D4R Ϫ/Ϫ and D4R ϩ/ϩ mice to cocaine control group on the drug treatment day (day 3). ThereHCl (15 and 30 mg/kg). Day 2 saline scores were subtracted from fore, on this third test day mice were randomly distribday 3 cocaine scores to correct for genotype-based differences in uted into saline, cocaine (15 or 30 mg/kg), or methambasal locomotion (n ϭ 10 D4R ϩ/ϩ and 10 D4R Ϫ/Ϫ ).
phetamine (1 and 2 mg/kg) groups.
(C) Locomotor response of D4R Ϫ/Ϫ and D4R ϩ/ϩ mice to methamphetDifferences between saline-treated groups of both geamine HCl (1 or 2 mg/kg). Day 2 saline scores were subtracted from notypes persisted on day 3 so that simple comparisons day 3 drug scores to correct for genotype-based differences in basal locomotion (n ϭ 8-10 mice per genotype, gender, and dose).
of group means on this day did not provide a good measure of stimulant response relative to baseline. Therefore, as in our ethanol study, estimates of drug sensitivity were derived by subtracting day 2 from day in both the wild-type and D4R Ϫ/Ϫ mice. However, the mutant mice displayed locomotor supersensitivity com-3 scores. These doses of cocaine ( Figure 5B ) and methamphetamine ( Figure 5C) (Accili et al., 1996) but is similar the physiological significance of the D4R and, in particuto what we have observed in our strain of mouse that lar, its involvement in schizophrenia. In spite of what has lacks D2Rs (unpublished data). Our findings suggest been learned about D4R's pharmacology, anatomical that the D4R is more involved in facilitating a variety distribution, genetics, and in vitro physiology, none of of normal locomotor behaviors in the mouse than was these efforts have directly assessed D4R function in originally predicted based on its distribution in the brain. vivo. We have used targeted mutagenesis to engineer There are several possible explanations for why the a strain of mouse that completely lacks functional D4Rs. mutant mice are less active in familiar surroundings. For These mutant mice displayed less spontaneous locomoexample, the complete absence of D4Rs during brain tion and rearing activity than their wild-type littermates development may result in unbalanced DA signaling in in novel and familiar surroundings. In addition, mutant the cortex and basal ganglia that manifests itself as mice consistently showed elevated DA synthesis and hypolocomotion. Another explanation may be that loss turnover in dorsal striatum, outperformed D4R ϩ/ϩ mice of the D4R from limbic brain regions has altered the on the rotarod, and were supersensitive to cocaine, motivational state of the mutant mice such that the time methamphetamine, and ethanol. Based on these findspent exploring their environment is reduced. ings, we speculate that D4Rs in vivo participate in the A third explanation relies on the recent report (Mrzljak modulation of neurotransmission between the cortex, et al. , 1996) of D4R immunoreactivity in GABA neurons in the basal ganglia, and the thalamus. the substantia nigra pars reticulata (SNr) and the globus pallidus (GP) of the monkey. These two structures are Clozapine Insensitivity the major output nuclei through which the striatum comHistorically the ability of a compound to antagonize DA municates with the thalamus and cortex. As such, these agonist-stimulated locomotor behavior has been used two nuclei figure importantly in one widely cited model of to identify potentially useful antipsychotic drugs. Clozabasal ganglia function and dysfunction in Parkinsonism pine, for example, has been shown to block the hyperloand Huntington's disease (Wichmann and DeLong, comotion produced by the direct DA agonist apomor -1996) . In this model, hypokinesis (e.g., Parkinson's disphine (Krisch et al., 1994) and the indirect agonist ease) is associated with the loss of DA, in part, because methamphetamine (Arnt, 1995) . Clozapine is receiving the balance of striatal transmission is shifted to the soconsiderable clinical attention as an atypical antipsycalled indirect striatal pathway. This has the net effect chotic medication because it does not produce Parkinof increasing activity in SNr/GP neurons. An increase in son-like symptoms in schizophrenic patients.
SNr/GP neuronal firing would tend to inhibit thalamic Clozapine has been shown to act as an antagonist signaling to the motor cortex, resulting in bradykinesis of the D4R-mediated inhibition of forskolin-stimulated and akinesia in advanced forms of the disease. With cAMP production (Bouvier et al., 1995) and displays this model in mind, the loss of D4R expression in the about a 10-fold higher affinity for the cloned D4R cominhibitory GABAergic neurons of the SNr/GP may render pared to D2R and D3R (Seeman and Van Tol, 1994) .
them less sensitive to the inhibitory tone produced by Clozapine also has high affinity for the M4 muscarinic DA activation of D4Rs coupled to potassium channels receptor (Zorn et al., 1994) and 5HT2 serotonin receptor (Werner et al., 1996) . As a result, the GABAergic SNr/ ( Leysen et al., 1993) . Consequently, it was of interest to GP neurons that project to the ventral lateral thalamic evaluate the effect of clozapine on locomotion in D4R-nucleus (VLT) would tend to be disinhibited in the D4R-deficient mice. deficient mice. The net effect of losing D4R-mediated Our finding that apomorphine-induced locomotion in inhibitory tone from SNr/GP neurons may be increased the mutant mice was insensitive to the 0.6 mg/kg dose firing of these inhibitory cells, which, in turn, would inof clozapine compared to wild-type animals, yet sensihibit the firing of excitatory VLT neurons, thereby distive to 6 mg/kg, is consistent with the interpretation that rupting stimulus-response coupling between the basal the D4R was functionally eliminated in the mutant mice.
ganglia, thalamus, and cortex. Consequently, the behavThis result also suggests that, in wild-type mice, a low ioral manifestation of this disrupted circuit may be the dose of clozapine prevents the D4R-mediated contribureduced locomotion that characterizes the mutant mice tion to the overall locomotor response whereas at higher doses its antagonism of the D2R results in akinesia.
in a familiar environment.
Dysregulation of Dopamine Synthesis in Mice
in DA metabolism are required for coordinated voluntary motor behavior (Freed and Yamamoto, 1985) . FurtherLacking D4 Receptors An important observation made in the course of our more, patients with Parkinson's disease are able to accomplish complex motor tasks following L-DOPA thercharacterization of the D4R-deficient mice was that both the biosynthesis and turnover of DA in the CPU were apy and initiate coordinated movement when confronted with an appropriate stimulus. Consequently, the D4R-increased. The vast majority of DA in the striatum is produced in the terminals of neurons that project from deficient mice may be more adept at this complex motor task because their striatal DA reserves are elevated and cell bodies located in the SNc. The regulation of DA synthesis and release in the CPU is complex. Not only the rotarod constitutes a significant challenge to move or fall. does glutamate have a stimulatory effect on DA levels in the CPU (Westerink et al., 1992) , but modulation of tyrosine hydroxylase (TH) activity by cAMP-dependent Mutant Mice Are Supersensitive to the kinases (Zigmond et al., 1989) , Ca 2ϩ Ϫ calmodulin protein Locomotor-Stimulating Effect of Ethanol, kinase II (Ishii et al., 1991) , L-DOPA, and DA (Ribeiro et Cocaine, and Methamphetamine al., 1992) have also been shown to be important.
With the discovery that the human Drd4 gene is highly Our observation that the mutant mice accumulate polymorphic within its coding region, there has been more L-DOPA following DOPA decarboxylase inhibition widespread interest in determining whether there is an and produce more DOPAC than their wild-type litassociation between various Drd4 alleles and the develtermates is consistent with the loss of an inhibitory D2-opment of mental illness or predisposition to drug like autoreceptor. However, to date there has been no abuse-related behaviors. Although some of the results convincing demonstration of D4R immunoreactivity or are controversial, recent reports have documented the mRNA in the SNc of rodents or primates. Rather, Mrzljak association of various Drd4 alleles with alcoholism et al. (1996) have demonstrated D4R immunoreactivity (George et al., 1993; Muramatsu et al., 1996;  Geijer et in glutamatergic pyramidal cells of the monkey frontal al., 1997), risk-taking behaviors (Benjamin et al., 1996; cortex, Ariano et al. (1997 ) recently reported D4R immuEbstein et al., 1996 , and opiate addiction (Kotler et al., noreactivity in the frontal cortex of the rat, and we have 1997) in humans. Unfortunately it is not possible to exobserved relatively abundant D4R transcripts in mouse tend these findings to the mouse because the 48 base frontal cortex (see Figure 1C ). Taken together, we propair sequence, whose copy number varies in humans, pose that rather than acting as an autoreceptor, actiis not repeated in the mouse. However, the extensive vated D4Rs in the cortex modulate glutamate release, catalog of murine genetic markers, coupled with quantiwhich affects DA synthesis and turnover in the CPU. fiable behavioral measures, has made possible the idenIn support of our hypothesis, there is evidence that tification of candidate genes associated with alcoholism glutamatergic pyramidal cells project to the CPU (Carter, and drug abuse (Crabbe et al., 1994) . In fact, Phillips et 1982) as well as to the substantia nigra (Carter, 1982 (Carter, ) al. (1994 have demonstrated that the murine Drd4 gene and that DA release is stimulated by glutamate acting lies within 13 cM of a provisional quantitative trait locus on either nigrostriatal nerve terminals within the CPU associated with ethanol-drinking behavior. Extensive (Westerink et al., 1992) or cell bodies in the substantia behavioral (Wise and Bozarth, 1987; Robinson and Bernigra (Overton and Clark, 1992; Christoffersen and Meltridge, 1993 ), biochemical (Maisonneuve et al., 1990 ), and zer, 1995 . Given that expression of D4Rs is highest in electrophysiological (White, 1996) testing has revealed the cortex (Mrzljak et al., 1996; Ariano et al., 1997) , we that habitually abused drugs possessing positive reinpropose that populations of corticostriatal and corticoforcing properties elevate DA levels in the nucleus acnigral pyramidal cells in D4R-deficient mice may no cumbens and the frontal cortex. Consequently, our oblonger experience the inhibitory tone normally provided servation that locomotor activity in mice lacking D4Rs by mesocortical DA. Consequently, they should release was stimulated by ethanol, cocaine, and methamphetmore glutamate into their synaptic fields. Increased gluamine to a greater extent than in wild-type mice revealed tamate in the CPU should stimulate DA synthesis and an unanticipated involvement of D4Rs in drug-induced release from nigrostriatal nerve terminals in the CPU locomotor activity. Further studies will be required to whereas glutamate released in the substantia nigra determine if classical sensitization to repeated drug should stimulate nigrostriatal cell firing and the elevation administration occurs in these mutant mice as well of DA in the CPU. Based on the biochemical evidence as whether higher doses of these drugs produce steand our behavioral findings (see below), we suggest reotypy. that certain selective compounds for the D4R may have
One explanation of our results may be that ethanol, some utility in the treatment of Parkinson's disease.
cocaine, and methamphetamine are stimulating DA-producing neurons in the CPU, neurons whose DA synthesis and turnover is already elevated in mutant, drug-naive Enhanced Rotarod Performance by Mutant Mice Our observation that mice lacking the D4R outperformed mice. Consequently, an additional release of striatal DA in response to these drugs may be sufficient to produce their wild-type littermates on the rotarod was unexpected because they were less active in the open field the apparent locomotor supersensitivity observed in the D4R Ϫ/Ϫ mice. Another possible explanation for the drug studies. However, we propose that the mutant mice are more adept at this complex motor task, in part, because supersensitivity we have observed is based on immunohistochemical, electrophysiological, and molecular of increased DA synthesis in their CPU.
It is well-documented in the rat that significant changes data. As mentioned previously, D4R immunoreactivity et al., 1975) was measured electrochemically (Pugsley et al., 1995) in dorsal striatum of both sexes and genotypes after administration Cloning and Targeted Disruption of the D4R Gene of 100 mg/kg, NSD 1015 (3-hydroxybenzylhydrazine dihydro-A 129SvEv mouse genomic library (generously provided by P. Sorichloride). ano) was screened with a human D4.4 receptor probe. Positive phages were mapped and partially sequenced. CsCl banded targeting vector (25 g) was linearized (NotI) and electroporated into Acknowledgments ‫2ف‬ ϫ 10 7 129/Ola Hsd E14TG2A embryonic stem cells (provided by R. Murray) and maintained under double selection (300 g/ml G418, Our thanks to C. García Bonelli, J. Garfinkle, L. Menalled, M. Piercy, 2 M gancyclovir) as previously described (Rubinstein et al., 1996) .
A. Unteutsch, D. VanLeeuwen, and S. Z. Whetzel for excellent techniTotal RNA was prepared from mouse tissue using the RNeasy Mini cal assistance; J. Shiigi and E. Wiltshire for assistance with the Kit (Qiagen) and used for first strand cDNA synthesis (Superscript illustrations; O. Rønnekleiv for her expertise and reagents; J. C. II, GIBCO-BRL). An aliquot of this cDNA was then subjected to Crabbe, C. L. Cunningham, M. Geyer, J. E. Grisel, J. P. Hammerstad, amplification by PCR (94ЊC, 1.5 min; 60ЊC, 2.0 min; 72ЊC, 2. Received June 20, 1997; revised August 13, 1997.
